Ethylene control of anthocyanin formation functions only through light-initiated synthesis pathways of the rapid synthesis phase. Treatment with ethylene in the dark had no effect on dark anthocyanin synthesis in red cabbage (Brassica oleracea L.). Pretreatment of both red cabbage and sorghum (Sorghum vulgare L.) with ethylene for 24 hours in the dark did increase the rate of synthesis when the tissue was placed in the light. Light-initiated anthocyanin synthesis is inhibited by ethylene when the tissue is returned to the dark.
Light-induced anthocyanin synthesis in plant tissue involves a series of biochemical reactions. Certain of these reactions require light energy while others proceed in the dark after the initial light stimulation (5, 6, 8, 9) . Ethylene has been shown to have both a promotive and inhibitive effect on lightinduced anthocyanin synthesis (1, 2, 4) . The purpose of these experiments was to determine where in the anthocyanin synthesis process ethylene had its promotive and inhibitive effects and whether these were through the light or dark reactions of the synthesis process.
MATERIALS AND METHODS Plant Material. Seedlings of dark-grown sorghum, Sorghum vulgare L. cv. DeKalb E57, and red cabbage, Brassica oleracea L. cv. Red Danish, were used in these studies. Seeds were surface-sterilized with 0.01% sodium hypochlorite for 10 min, planted on 10 ml of agar in 1 25-mI flasks, wrapped in aluminum foil to exclude light, and placed in a dark incubator at 28 + 1 C for germination and growth as previously described (2) .
Experimental Procedure. Sorghum seedlings were used in experiments after 4 or 5 days growth and red cabbage seedlings were used after 4 days growth in dark. Those flasks containing seedlings for ethylene treatment in light or dark were sealed with rubber vaccine caps and 10 /il/l ethylene injected into the gaseous atmosphere around the seedling tissue with a hypodermic needle and syringe (2) . All control flasks had cotton plugs for air exchange and for preventing airbone contamination.
For light treatment the aluminum foil was removed and the flasks containing seedlings were placed under cool white fluorescent tubes at 104 ergs cm-2 sec' for the experimental treatment time. Temperature was maintained at 28 + 2 C during light treatments. Those flasks receiving dark treatment remained in the dark incubator and those flasks receiving dark treatment after light exposure were rewrapped in aluminum foil and returned to the dark incubator.
Ethylene was removed from flasks by flushing with compressed air for 1 min. There were no measurable amounts of ethylene in the flasks following the flush period nor were there any measurable amounts of ethylene in control flasks at any time during the experiments. Ethylene concentrations were measured using a gas chromatograph.
Anthocyanin content of the tissue was measured on 10 sections of 10 mm each cut from the seedling tissue just proximal to the first node in sorghum and just proximal to the cotyledonary leaves in red cabbage. The anthocyanin was extracted from the tissue sections overnight in a refrigerator with 4 ml of methanol-HCl (99:1, v/v). Absorbance of the extract was measured in a spectrophotometer at the anthocyanin-sensitive wavelength of 525 nm (7) .
Rates of anthocyanin synthesis were calculated as previously described (2) . In all cases, it was assumed that anthocyanin synthesis followed a normal ethylene-free (2, 3, 10) or ethylenepresent pattern (2) until ethylene was added or removed, respectively. The slope of the line connecting this point to the measured amount of anthocyanin at the end of 24 hr was representative of the rate of synthesis for the treatment.
All experiments were repeated a minimum of three times with three replicates for each treatment.
RESULTS
The presence of ethylene around dark-grown red cabbage and sorghum seedlings, for the first 4 hr after they are placed in the light, increases the content of anthocyanin as compared with controls when measured 24 hr after the initiation of the light treatment (Table I) . Ethylene treatment for 24 hr in the light decreases the content of anthocyanin as compared with controls (Table I) .
Treatment of dark-grown red cabbage with ethylene in the dark had no significant effect on the amount of anthocyanin synthesized in the dark (Table II) . Ethylene treatment in the dark did not induce anthocyanin synthesis by sorghum tissue in the dark.
The effect of ethylene treatment in the dark on subsequent anthocyanin synthesis in the light is shown in Table III . Treatment of both red cabbage and sorghum seedlings with ethylene in the dark for 24 hr, with removal of the ethylene as the plant tissue is placed in the light, increases the amount of anthocyanin synthesized in the light compared with control plants having no ethylene treatment. A 4-hr treatment with ethylene in the dark was enough to promote anthocyanin synthesis by sorghum in the light, but not by red cabbage in the light. Figure 1 shows the effect of ethylene treatment in dark and light on the two anthocyanin synthesis phases. Anthocyanin synthesis is promoted in the rapid synthesis phase if the tissue is treated with ethylene in the dark. Anthocyanin synthesis is inhibited in the rapid synthesis phase if the tissue is treated with ethylene in the light for 24 hr. Neither of the ethylene treatments altered the length of the lag phase for anthocyanin synthesis.
ETHYLENE AND ANTHOCYANIN SYNTHESIS
The relationship between light-initiated anthocyanin synthesis and continued synthesis as the tissue is returned to the dark is demonstrated in Figure 2 . After 2 hr, there was a direct correlation between the total amount of anthocyanin in the tissue by 24 hr and the amount of light stimulus the tissue received before it was returned to darkness.
The rates of anthocyanin synthesis in the dark after different light and ethylene treatments of sorghum are shown in Table  IV . Ethylene treatment in the light with subsequent removal as the tissue is returned to the dark gives the same rate of synthesis as control tissue. Ethylene treatment as sorghum tissue exposed to light is returned to the dark, however, inhibits anthocyanin synthesis in the dark. DISCUSSION Light-initiated anthocyanin synthesis in both dark-grown red cabbage and sorghum seedlings used in these studies is controlled in the same manner as that previously reported for another variety of sorghum (2) . Ethylene promotes antho- cyanin synthesis if it is present during the first 4 hr the tissue is in the light, but inhibits anthocyanin synthesis if it is present for 24 hr (Table I) .
Data in (Fig. 1) . Instead, the rate of light-induced anthocyanin synthesis was higher in the rapid synthesis phase with ethylene treatment in the dark as compared with control tissue having no ethylene and tissue having ethylene treatment with light. Thus the promoting and inhibiting effect of ethylene on the anthocyanin synthesis processes must be related to the sequence of reactions that is normally associated with the rapid synthesis phase of anthocyanin formation.
Previous work bv Downs and Siegelman (3) demonstrated that after the initiation of the light-induced anthocyanin synthesis in sorghum, the tissue could be replaced in the dark and anthocyanin synthesis would continue in the dark, but at a lower rate. Our data (Fig. 2) Other workers (6, 8, 9) have demonstrated that there is a sequence of biochemical reactions involved in anthocyanin synthesis, with some requiring light and others proceeding in the dark. Since anthocyanin synthesis does not occur in nonirradiated sorghum tissue, the continuing synthesis of anthocyanin after light treatment apparently utilizes through the dark synthesis reactions the pool of metabolic products formed in the light. The dark reactions associated with anthocyanin synthesis in the dark after light treatment would be the synthesis reactions of the rapid synthesis phase.
Ethylene treatment in the dark inhibited the anthocyanin synthesis that proceeds in the dark after light treatment (Table  IV) , and indicated that ethylene inhibits anthocyanin synthesis by inhibiting the dark reactions of the rapid synthesis phase of anthocyanin formation. Treatment of the sorghum tissue with ethylene in the light before placing it in the dark had no effect on anthocyanin synthesis in the dark (Table IV) . This differs from the increased synthesis rate observed when the ethylene is removed and the tissue is left in the light (2) . The observation, however, agreed with data in Table II which indicated that light reactions were necessary for use of the ethylene-stimulated metabolic system in production of anthocyanin.
Apparently, ethylene promotes and inhibits anthocyanin formation in tissue through its effect on different metabolic systems. The promotion of anthocyanin synthesis from ethylene treatment requires the light reactions of the rapid synthesis phase, while inhibition of anthocyanin synthesis with ethylene treatment is through the dark reactions of the rapid synthesis phase.
This explanation could account for observations showing increased anthrocyanin production from ethylene treatment in the dark prior to light treatment (Table III) , from ethylene treatment during the first 4 hr the tissue is in light (Table I) and where ethylene is removed at any time synthesis processes are occurring in the light (2) . The presence of ethylene around the tissue at any time initiates the formation of metabolic potential for increased anthocyanin synthesis through some still unknown mechanism such as increased pool size, increased enzyme synthesis, or increased enzyme activity. During treatment periods in the dark and in the lag phase when plant tissue is in the light, the dark reactions associated with rapid synthesis would not be functioning; in the post-ethylene period the ethylene would not be present to inhibit the dark reactions of the rapid synthesis phase. Thus, in all these cases the promotive effect of the ethylene treatment could be utilized by the plant tissue for an increased rate of synthesis during the rapid synthesis phase of anthocyanin formation in the light. But 
